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ABS1RACT 
The numerical simulation of the thermal and fluid-dynamic behaviour of reciprocating compressors presented at Purdue in 1994 [ 1] has been revised and improved. The modelization is based on the full integration of the governing equations (continuity, momentum and energy) in the whole domain of the compressor (compression chamber, manifolds, mufflers, connecting tubes, orifices, etc.). The one-dimensional and transient governing equations are discretized by means of an implicit control-volume formulation. These equations are numerically coupled using the segregated pressure-based algorithm SIMPLEC extended to compressible flow. In this paper attention has been focused on small hermetic reciprocating compressors commonly used in household refrigerators and freezers, air conditioners, etc. The present model makes possible the analysis of compressors whose piping system include parallel paths. A one degree of freedom valve motion model has been implemented. Other improvements have been carried out: the possibility of choosing between plenum and anechoic boundary conditions; the consideration of the compressibility effects at the valve ports; and the inclusion of an inertial term in the momentum equation applied to singularities. In order to validate the modelization a comparison between numerical and experimental results is presented. 
INTRODUCTION 
Thermal and fluid-dynamic behaviour of reciprocating compressor Wlits are characterized by complex heat transfer and fluid flow phenomena: three-dimensional turbulent compressible flow, fast transient processes, complex geometries, moving surfaces, etc. The challenge of new refrigerants and the need for high efficiencies are strong incentives to develop general and accurate prediction methodologies. 
Different modelization levels have been presented in the technical literature. They range from simple models based on global energy and mass balances in the whole compressor equipment (considered as a "black box") to the most sophisticated models based on the detailed analysis of the heat transfer and :fluid flow phenomena along the compressor domain. Even though the most appropriate level of modelization depends on the specific application, a judicious combination of different levels of modelization can give the key for optimum design of these equipments and the complete refrigerating system where they are integrated. 
For example, the simulation of a complete vapor compression refrigeration system should consider that the characteristic time scales for the compressor are very different to the rest of the system. A simple mathematical model for the compressor can be appropriate to obtain its global behaviour (eg, mean mass fluxes and discharge temperature from given values of the discharge pressure and temperature and suction pressure). To carry this out some empirical information, such as the volumetric efficiency and the heat and power transfer to the gas, is needed. The empirical information needed in these models strongly affects their accuracy and it is usually obtained from experiments or from higher levels of modelization. 
For design purposes, a more detailed information of the thermal and :fluid-dynamic behaviour of the flow along the compressor is required. An important simplification can be made assuming one-dimensional flow, i.e. local mean values of the different variables (velocities, pressures, temperatures, .. ) along the flow direction are used. The one-dimensional analysis needs some local empirical information to evaluate 
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pressure drop across tubes and singularities (valves, orifices, sudden expansions and contractions) and heat 
transfer between the gas flow and the solid walls. The empirical information needed can be obtained from 
experiments or from higher levels of modelization. · 
The highest level of simulation is based on the numerical solution of the governing equations of the 
flow in multidimensional and transient form. This methodology allows the determination of the local 
velocity, pressure, density and temperature distributions in the whole domain without empirical information 
(except for the empirical constants and functions when turbulence models are employed). Although the 
computational time required is usually quite large for design purposes and turbulence models introduce 
uncertainties, these methodologies give valuable information that can be used in less general models (eg, 
heat transfer coefficients in the compression chamber). 
The objective of this work is to simulate the thermal and fluid-dynamic behaviour of hermetic 
reciprocating compressors (see Figure 1). The numerical simulation presented corresponds to the second 
modelization level mentioned above. The main features of the simulation were presented at the last Purdue 
Compressor Conference [ 1]. In this paper a general review of the method and some improvements 
introduced since then are given. A comparison between numerical and experimental results is made. In 
order to show how the modelization can help the designer to improve the performance of this kind of 
compressors, a parametric study of a commercial hermetic reciprocating compressor is presented in a 
companion paper [2]. A more complete description of the modelization has been made in [3]. 
MATHEMATICAL FORMULATION 
Assuming one-dimensional flow, negligible body forces and negligible potential energy and 
conduction heat flux in flow direction, the governing equations of the flow (continuity, momentum and 
energy) for a finite control volume (CV), together with the state equation, can be written in the following 
form: 
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where: the subscripts i and o indicate the inlet and outlet flow sections of the CV; t is the time; ri1 and m are 
the mass flow rate and the mass of the gas in the CV; v, p, p, T and e are the velocity, the density, the 
pressure, the temperature and the specific energy (enthalpy plus kinetic energy); oyerbar indicates integral 
averages over the CV; I:'s is the surface force acting on the surface of the CV; Q is the net heat power 
transferred into the CV; W5 , is the power transferred from the gas; V is the volume of the CV. 
Momentum equation. The surface force acting on the surface of the CV depends on its geometry. For 
the control volumes with uniform cross-sectional area A, perimeter P and length 6., the surface force Fs can 
be evaluated from the expression (p(Po) A - (f/4) I m I v P Az/2A, where f is the friction factor. 
When a singularity is presented (sudden enlargement, sudden contraction), across the singularity the 
momentum balance over an appropriate CV (see Fig.2) leads to the following equation: 
I m I vs [( 1 1 ) ( 1 1 ) 2] affi (pi -po).'= -::!- 2 + --- + 1-
2 0' 0'· O'o cc at 0 I 
(5) 
where: subscripts i and o indicate the downstream and upstream sections; Vs and As are the velocity and the 
cross-sectional area at the singularity respectively; cr is a cross-sectional area ratio (cri=AJAs, cr0=AofAs); Cc 
is the contraction coefficient (Ac/ As). The equation (5) has been obtained assuming: i) one-dimensional 
incompressible flow; ii) isentropic flow behaviour from the inlet section to the vena contracta; iii) the 
pressure on the back face of the orifice is equal to the plenum pressure. The last term in eq. (5) gives the 
transitory variation of momentum in the singularity; the lenght 1 is composed by the actual lenght of the 
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constriction plus a correction teiDI to allow for the extra fluid speeding up and slowwing down at the two ends. Following Morse and Feshbach [4] this value has been estimated from the kinetic energy induces by the singularity assuming irrotational steady flow: l=e+4d/31t. 
An equation derives in a similar way to eq. (5) but extended to compressible flow is used to evaluate the mass flow through the valves. The resulting equation has the same foiDI as eq.(5). but As is substituted by the effective flow area (KA)s, and the two terms enclosed in brackets are substituted by (y-1)· (l-pofpiJ/(7r1/"f_n)y, where y is the isoentropic compression exponent, n=max(p.Jp1,:n:c) and :n:c=(2/y+l)YIY-1 [5]. The effective flow has been evaluated considering two orifices in series: the first one with axial flow and the second one with radial flow [6]. The valve position is determined by a one degree of freedom valve motion model. This model is based on the numerical integration of the second order equation governing the valve dynamics, accounting for the drag, spring and damping forces acting at each instant on the reed valves. A complete description of this kind of valve dynamics analysis is given in [7]. 
Energy equation. In eq. (3) the inlet heat flux through the CV solid surfaces is obtained from the expression q=a(Tw-T), where a is the heat transfer coefficient and T and Tw are the.gas and the solid wall temperatures respectively. Th~ power rate transferred from the gas to the ambient, Ws. is zero everywhere except in the cylinder where Ws=pdV /dt. 
Empirical inputs. In the momentum equation, the friction factor has been calculated using standard correlations for forced convection inside rubes. When singularities are presented the contraction coefficient has been evaluated using the classical values of Weisbach in terms of the area ratio. The coefficients needed for the evaluation of the effective flow area have also been estimated using the Weisbach's contraction coefficients. In the energy equation, an overall heat transfer coefficient proposed by Liu and Zhou [8] has been employed inside the cylinder. In the mufflers and tubes the correlation by Padhy and Dwivedi [9] and standard correlations for forced convection inside tubes have been used respectively. Finally, the convection in the pressure vessel has been evaluated using a correlation derived by Raithby and Hollands [10] for natural convection between concentric spheres. 
NUMERICAL PROCEDURE 
The domain where the gas is flowing is divided into strategically distributed control volumes (CV). For each CV a grid node is assigned at its center (Fig. 3a). Some elements. such as the cylinder, constitute a single CV and they cannot be divided into smaller ones. Other elements, such as tubes between mufflers, can be divided into an arbitrary number of CVs. For each grid node the different scalar variables (temperature, pressure and density) are calculated. Velocities are determined at the faces of these control volumes (i.e. between grid nodes) using staggered CVs (Fig. 3b). This procedure not only avoids decoupling between continuity and momentum equations [11], but is also an excellent way to treat the discontinuities introduced by the flow geometry (ducts-cavities and valves). 
The SIMPLEC algorithm of Van Doormaal and Raithby, extended to compressible flow, has been employed. Henceforth, only the main features will be indicated; for more details see Patankar [11] and Van Doormaal and Raithby [12]. The governing equations (1), (2 and/or 5 or its equivalent form for the flow trough the valves) and (3) are discretized by means of an implicit control-volume formulation. Convective terms are numerically approximated using the first-order upwind numerical scheme (higher-order numerical schemes do not significantly improve the accuracy). At each grid node, temperature and density are obtained from the energy and the state equations respectively. Velocities are calculated in their staggered locations from the momentum equation (together with the equation for the singularity -duct/cavity or valve-when it is presented). Pressures are computed at the grid nodes using a pressure correction equation; this equation is obtained from the continuity equation using both a corrected velocity u'=d·.1.p' and a corrected density p'=Kp' (where: the coefficients d and K are obtained from the momentum and state equations respectively, and .dp' is the difference of the corrected pressures of the adjacent grid nodes). All thermophysical properties are evaluated at their local conditions. 
The complete set of the discretized momentum, energy and pressure-correction equations (suction line, compression chamber and impulsion line) are solved by the direct method TDMA (Tri-Diagonal Matrix Algorithm). When the piping system includes parallel paths. the set of discretized equations is iteratively solved using TDMA along each path. It is interesting to note that the case of leakages in valves or between piston and cylinder can be considered in a straighforward way. 
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For each time step and from guessed values of the pressure and temperature (usually taken from th
e 
previous instant), velocities and densities are obtained from the discretized momentum equation an
d from 
the state equation respectively. Then the pressure correction equation is solved and after that pre
ssures, 
velocities and densities are updated. Finally, temperatures are obtained from the discretized energy eq
uation. 
This sequence is repeated unless convergence is reached. The process runs step by step in the time d
irection 
giving the transitory evolution of the different variables. After several cycles, global convergence is r
eached 
when instantaneous velocities, pressures and temperatures are cyclically repeated. Better convergenc
e rates 
have been obtained when velocities are substituted by a modified velocity \i, defmed as v=vS/S (where S is 
the cross-sectional area, and S an arbitrary reference area); in this manner the step changes produced
 in the 
velocity due to the cross-sectional variations are reduced. 
The inlet gas pressure and temperature and the outlet pressure are given as boundary conditions. I
n 
this kind of compressors the low pressure dry gas from the evaporator enters the space situated betw
een the 
shell and the motor-compressor unit, and goes across the suction line to the cylinder where it ra
ises its 
pressure. Then the gas goes through the impulsion line to the condenser. The relative large volume 
situated 
between the shell and the motor-compressor unit damps the gas pulsation induced in the suction li
ne, and 
thus the inlet pressure can be taken as the evaporator pressure. At the compressor outlet the flow pre
ssure is 
affected by gas pulsations. In this case pressure is not taken as the condenser pressure but is ev
aluated 
assuming anechoic boundary conditions [7]. 
NUMERICAL RESULTS 
In order to show the possibilities of the modelization developed, a comparison between the numeric
al 
results and experimental data is presented. The analysis has been made for a commercial com
pressor 
(GL90BJ of a nominal frequency of SO Hz and working with R-134a, Electrolux Compressors Compan
ies). 
For a complete description of the compressor see our companion paper [2]. Experimental data 
for six 
different working conditions (compression ratios) has been presented in Table 1; these data ha
s been 
obtained in a calorimetric unit of secondary flow according to ISO 917. 
Numerical and experimental data of the volumetric efficiency and the coefficient of performanc
e 
(capacity/input power to motor) at different compression ratios have been presented in Figures 4 and 5. 
For low compression rates an overprediction of the mass flow rate (and the volumetric efficie
ncy) is 
produced, and for high compression ratios the contrary is obtained. Discrepancies in the COP predictio
n 
are higher for low compression rates and relatively small for high compression rates. In both cases th
e 
agreement has been reasonably good (always less than 7 % ). A study of different aspects which h
ave an 
influence on the performance of this compressor is presented in [2]. It must be noted that local em
pirical 
inputs have been employed avoiding the used of ad hoc information. Finally some illustrative num
erical 
results for the second case have been presented in Figure 6. 
Table 1. Experimental results for six compression ratios 
Case Tevap Tcond II Tsuc Tdisc Ii1 
1 -10.0 55.0 7.40 31.9 115.2 9.52 
2 -23.3 55.0 12.98 31.9 114.6 4.81 
3 ~35.0 55.0 23.24 31.9 103.4 2.267 
4 -10.0 40.0 5.04 31.8 104.4 10.06 
5 -30.0 40.0 12.29 31.7 104.1 3.55 
6 -35.0 40.0 15.82 31.7 100.2 2.63 
(evap: evapotlllor, crod: coOOenser; sue: suction; disc: disdlarge; II: rompressioondio) 
CONCLUSIONS 
A numerical simulation of the thermal and fluid-dynamic behaviour of reciprocating compressors ha
s 
been presented. The modelization is based on the solution of the one-dimensional governing equat
ions of 
the flow in the whole domain. Empirical correlations for the gas-solid surface interaction (friction and he
at 
transfer) are needed to provide for the closure of the conservation equations. The numerical solut
ion has 
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been made using a control-volume formulation and a segregated pressure-based algorithm. The formulation is flexible and general, and a great variety of geometries and boundary conditions can be solved. Good 
agreement between numerical and experimental results has been obtained for a given compressor at different working conditions. Some illustrative results showing the possibilities of the simulation have been presented. 
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Fig. I Schematic representation of a hermetic reciprocating compressor 
Fig2 Flow through a singularity 
(the associated CV in dashed lines) 
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Fig. 3 (a) Main grid nodes and their CVs; 
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Fig. 5 Coefficient of performance vs compression ratio. 
(b) ,. 
20 




• r----- --... - 1 ==~~ e ....... ------···----"·--'-------., -,.- ---~ .. ···-.s ·-· \./ \/ \./ 
.. 
(f) .. 
Fig. 6 Illustrative results: pressure-volume diagram (a); instantaneous pressure (b) and temperature (c) distribution inside the 
cylinder during a complete cycle; position of the suction and discharge valves during a complete cycle (d) ; pressure (e) and 
temperature (f) distribution along the compressor domain. 
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